The reflectance of two commonly used oils, crude oil and diesel, is measured under various conditions: on a water surface, among pack ice, and on/beneath compact ice. The spectral characteristics of each oil are analyzed using the results from these measures. In conjunction with estimated noise thresholds of the sensor environment, the theoretical potential to identify oil is assessed for the hyperspectral Hyperion. The hyperspectral sensor is more sensitive to the crude oil than to diesel under all conditions. The visible and infrared bands, from 468 nm to 933 nm, are more suitable to identify the crude oil. In addition, when the background is pack ice, the infrared region from 1134 nm to 1326 nm is another potential useful zone. Through the visible-to-infrared bands, the sensitivity to the existence of diesel is inferior to that of crude oil. Relatively, the bands greater than 1134 nm have the potential to separate diesel from the water or sea ice. These characteristics and sensitivity of oil film in terms of ice and oil type can be effectively used to select suitable bands to distinguish oils from sea water and sea ice.
Introduction
Climate warming has influenced the increasing decline of the ice-covered area in the Arctic region year by year. From 2002 to 2011, the ice area shrunk 82,800 km 2 each year [1] . In 2007, the northeast and northwest channels in this area were opened for the first time. In this context, the navigation of the Arctic waterway became possible. A total of 71 ships carrying 1,355,897 tons of cargo sailed via this shortcut between Europe and Asia in 2013 [2] . With the development of the Arctic and the exploitation of resources in the Antarctic, the numbers of oil drilling platforms and oil tankers have increased rapidly [3] , increasing the possibility of oil spill in iceinfested waters [4] . For China, Bohai Sea and its surrounding waters distribute into many oilfields, such as Liaohe oilfield, Dagang oilfield, Shengli oilfield, Jinzhou 9-3, and other large oilfields or offshore oil and gas fields. At the same time, owing to the strong and stable Mongolian cold high-pressure control, Bohai Sea freezes every winter. Oil spills in iceinfested waters in this area have become a subject of great concern to corporations, local residents, and government agencies [5, 6] .
Numerous studies have been conducted in the past years on the monitoring of oil spills in open waters by using remote sensing [7, 8] . The methods used include synthetic aperture radar (SAR) [9] [10] [11] , multiple and hyperspectral visible-near infrared (VNIR) [7, [12] [13] [14] [15] [16] [17] [18] , laser-induced fluorescence [8, 19] , and thermal infrared [20] [21] [22] . However, studies on the monitoring of oil spill in waters with sea ice are much fewer.
For oil spill monitoring in the area of sea ice-infested waters, the VNIR remote sensing method has much more potential than SAR. Given the presence of sea ice, the conventional effective remote sensing methods, such as SAR, cannot identify oil slicks in waters with sea ice [5, [23] [24] [25] [26] . Based on the reflectance and emissivity of the objects, however, VNIR remote sensing can eliminate oil slicks from the waters and sea ice [27] . Fingas and Brown monitored the offshore oil slicks off the Canadian coast [28] . Dick and Fingas used airborne infrared instruments to survey the oils on the waters of Svalbard areas [29] . The airborne spectrometer images were used to extract the characteristics of the sea ice, water, and oil slicks [30] .
As a cutting-edge method, hyperspectral remote sensing can distinguish oil slicks from sea ice and water. The hyperspectral sensors obtain images containing the continuous reflectance spectra of the objects. By using the features of the spectra, experts may identify a specific issue more accurately. However, limited studies have been performed on the spectral characteristics of oil slicks in iceinfested waters.
To develop a credible and effective response to oil spills in ice-infested waters, in this study, a field experiment was performed on the spectrum of oil film in Dalian ice-infected waters and the sensitivity of hyperspectral sensor bands was analyzed. The results of this study could provide basis for band selection to detect oil spills in ice-infested waters. The sensitivity wavebands could also guide the design of remote sensors for monitoring oil spill.
Methods
The oil types used in the experiment included crude oil from Liaohe oilfield and diesel used by the vessel of YUKUN. An ASD FieldSpec Pro spectroradiometer was used to obtain the spectral reflectance of the oil film samples. Measurements were recorded in reflectance units computed from illumination intensity measurements of the target and a "Spectralon" Panel. The spectroradiometer has a sampling interval of 1.4-2 nm and a spectral resolution between 3 and 10 nm. For the purpose of investigating the effect of object type on reflectance through measurements, a fixed viewing geometry with a 90 ∘ incidence angle was maintained.
The experiment site was located in the port waters near Dalian Maritime University (Figure 1 ). Water depth was 4 m, and thickness of sea ice was 2-3 cm. The experiment was operated between 11:00 am and 12:30 pm at low wind speed.
The images employed in this study were from the Hyperion hyperspectral sensor boarded on satellite EO-1, with the spectrum ranging from 356 nm to 2577 nm, 242 bands contained, and the spectral resolution approximating 10 nm. Atmospheric correction of the raw data was conducted with the FLAASH module in ENVI4.5 to acquire the reflectance of ground features from Hyperion data.
The response function was used to filter the samples' measured reflectance. The wavelength range and spectral resolution were sampled to the Hyperion sensor. We selected the environmental equivalent noise of homogenous area on the image to represent the instrument noise. The filtered reflectance was then normalized to the noise. The normalized spectra were finally used to analyze the sensor's sensitivity to discriminate oil slacks within sea ice environment ( Figure 2 ).
Measurement Principles of Spectral Reflectance.
Given that most ground features are considered to be non-Lambert reflectors, Nicodemus et al. [31] proposed the bidirectional reflectance distribution function (BRDF) to describe the spectral characteristics of such ground features: where is the solar zenith angle, V is the sensor zenith angle, is the solar azimuth angle, V represents the sensor azimuth angle, is the wavelength, ( , , ) is the incident spectral radiance, ( V , V , ) is the reflected spectral radiance, and is the cosine of the solar zenith angle. Although the BRDF provides a superb illustration of the spectral characteristics of non-Lambert reflectors, it can hardly achieve the precise measurement of the incident radiant flux density. On this account, the bidirectional reflectance factor is introduced [32] :
where
is the reflected spectral radiance of the Lambert reflector, which is isotropic.
Reference boards are used to simulate Lambert reflectors in the actual measurements, and the reflected spectral radiance of Lambert reflectors is represented by that of the boards. Through this means, the hemispherical directional reflectance of the object is calculated as
( ) is the reflectance of an object in the observed direction, and ( ) and ( ) are the radiance of the reference board and the hemispherical directional reflectance, respectively.
Spectral Reflectance Measurement.
In the experiment, three large ice areas were selected: Area 1, clean sea water without ice, Area 2, compact ice, and Area 3, pack ice. Each area measured 2 m × 2 m and was divided into two parts: one part was used to measure the reflectance of diesel, and the other part was used to measure that of crude (Table 1) .
Before measuring the oil film spectrum, the reflectance of clean sea water, pack ice, and compact ice should be obtained first. After clean water and ice were measured, the reflectance of oil slick with the water and ice was acquired. The measured data included the reflectance of diesel and crude oil film on the water surface, the diesel on and beneath the compact ice, crude oil on the compact ice, diesel among the pack ice, and crude oil among the pack ice with the fractions of 50% and 90%.
With the use of an ASD spectroradiometer, data were collected quasi-synchronously. Dark current correction of the apparatus was performed before data collection. In the process of measurement, optimizations were implemented at 3-5 min intervals, and the probe was kept vertically downwards and 100 cm from the surface to measure all the reflectance. Data measurements were repeated 10 times each time to acquire the arithmetic mean values.
In this study, reflectance is the apparent reflectance, which is the ratio of reflected energy to the input energy. In the natural world, the incident and reflected energies received by the sensor are comprised of both reflected energy from the water surface and the sky radiance. Thus, sky radiance was not removed in this study. 
Environmental Noise Extraction.
The accurate estimation of noise in the sensor-atmosphere-object system enhances the accuracy in acquiring environmental information. To assess the precision of the remote sensing system in extracting environmental variables, the environmental noise equivalent radiance ( Δ ) and environmental noise equivalent reflectance ( Δ ) of the remote sensing image need to be calculated. The environmental noise equivalent comprises the signal-to-noise ratio (SNR) and the characteristics of the observed image. Δ is used to describe it in our study. Δ is correlated with the SNR of the device and concurrently influenced by atmospheric variables, vapor/water interface, sunlight, and the scattering of skylight [33] . Consider
( ) is the standard deviation of reflectance of various bands in a window covering the relatively homogeneous water area with a large optical depth. The convergence of ( ) can be achieved through the adjustment of window size (3 × 3, 5 × 5, 7 × 7) [34] . Automated local convergence locator (ALCL), proposed by Wettle et al. [35] , was employed to select the location of the window.
The image data used in our study were from the Hyperion sensor boarded on the EO-1 satellite. The data covered a large water area in the Liaodong Bay. Image features in the large area of water showed good uniformity. ALCL was applicable, and Δ was extracted to characterize the environmental noise of images [36] .
Preprocessing of the hyperspectral remote sensing data, including clipping, band screening, radiation conversion, and atmospheric correction, was carried out to acquire the reflectance. The processing of the Hyperion image by ALCL was achieved with programs written using Interactive Data Language version 7.1 (IDL 7.1). With reference to the parameter selection method in literature [35] , two window sizes, start = 19 and end = 41, were selected. The standard deviation of reflectance of areas featured by uniform grayscale distribution in the image was calculated as the value of environmental noise of this image.
Sensitivity Analysis.
The measured reflectance was calculated and denoted as oil . With the spectral response function of Hyperion data, filtering was performed on oil , and the responses of Hyperion data to oil films could be acquired and were denoted as sensor . Consider
where sensor is the reflectance after filtering using the spectral response function of the sensor and oil is the measured reflectance of the oil film. ( ) is the spectral response function of the sensor. After being normalized by Δ , the spectra were extended to the discriminable magnitude and marked as . The processed spectra revealed the theoretical sensitivity of Hyperion data in the discrimination of oil slicks and the background.
According to Wettle et al. [33] , with Δ being the unit of measure, if the absolute value of the difference of two ground features is over 1 at a certain wavelength, and a distinct difference between the two can be observed in the image data acquired by the sensor, then this wavelength is applicable for the discrimination of these two ground features.
Results and Discussions

Spectral Reflectance Characteristics.
The reflectance of clean sea water, pack ice, and compact ice was measured separately. The spectral shape of their reflectance was similar to that of their characteristics: a large reflection peak at around 580 nm and 3 absorption valleys at 670 nm, 780 nm, and 1000 nm, respectively (Figure 3(a) ). The similarity may be mainly caused by the thickness of the ice. However, the ice reflected more energy than the water at the VNIR range, whereas the reflectance of the three declined as the wave lengthened. At the range of 350-470 nm, the reflectance of the compact ice was greater than the reflectance of the water and the reflectance of pack ice. The pack ice also had the highest reflectance from 470 nm to 1350 nm.
With light diesel oil film, the reflectance spectrum of contaminated sea water showed an extremely small difference from that of clean water. The reflectance was a little higher when the diesel oil film existed at the range of 510 nm to a longer wavelength (Figure 3(b) ). The reflectivity of watercovered crude oil in the whole VNIR band was higher than the reflectivity of the clean water and the reflectivity of light diesel oil-contaminated water. The water with the thick oil film reflected less than that with the thin oil film. Moreover, a valley and a small reflectance peak appeared at 460 and 690 nm, respectively. A significant reflectance wedge peak occurred from 750 nm to 770 nm for the crude oil film.
The reflectance spectra of the compact ice with oil film are described in Figure 3(c) . When the light diesel oil was on the surface of the ice, the oil's reflectance was lower than the ice before 490 nm and higher after 510 nm. Lower reflectance appeared before 605 nm for the oil beneath the sea ice but went higher than the ice from 610 nm to 1350 nm. For the surface crude oil, the reflectance declined with the growth of the wavelength and was lower than the ice from 350 nm to 1135 nm. The wedge reflectance peak occurred at the range of 750-770 nm, which appears to be a significant characteristic of crude oil [37] . The reflectance spectra of the pack ice contaminated by the oil film are shown in Figure 3(d) . When the crude oil covered 50% of the view field, it was absorbed at 420-490 nm and reflected significantly from 560 nm to 710 nm. The curve went lower with the increase of wavelength at 820 nm. With the coverage of the crude oil increasing to 90%, the reflectance of the polluted pack ice declined with the growth of wavelength. It was higher than the clean pack ice at the ranges of 350-460 nm and 760-1350 nm. An absorption valley and a reflectance peak appeared at 1000 and 1100 nm, respectively.
The simulated reflectance from Figure 3 filtered through the sensor response function is shown in Figure 4 . For illustrative purposes, the estimated sensor Δ is shown in Figure 4 . Compared with the measured reflectance in the field, the spectra are smoother. Some minutiae of the measured spectra are eliminated because of the lower spectral resolution of the sensor. However, the shape of all the spectra is generally in accordance with the measured ones. The extracted Δ is also depicted compared with the filtered reflectance. The value of Δ , by comparison, is several orders of magnitude lower than the reflectance of water, ice, and oil. This outcome indicated that the meaningful signal could be much more intense than the noise from the environment and the instrument itself.
Analysis on Hyperspectral Sensitivity to Distinguish Oil
Films. Figure 5 shows the simulated reflectance normalized to the Δ spectrum established for the hyperspectral remote sensing imagery. The graphs in Figure 5 reveal the theoretical potential of the hyperspectral sensor to detect the measured variability based on the environmental noise parameters. For any given wavelength range, if the difference of Δ between two features is greater than 1, then the features could be theoretically discriminated from each other [33] . As an example, for the range of 498-1346 nm, the compact ice and pack ice are theoretically discernible from the ice-free water ( Figure 5(a) ). By contrast, the pack ice measurement is within one Δ level of the compact ice in the range of 427-498 nm and, therefore, not detectable. Following this reasoning, the wavelength would have to be greater than 498 nm to be used as a potential band to discriminate ice from water. The Δ graph for the oil on the water surface (Figure 5(b) ) reveals that the slight difference among water, diesel oil film, and thick crude oil film is not detectable by the bands in the range of 427-600 nm, and the Δ normalized spectra are all within one Δ . At the other bands, the diesel and thick crude oil film could be detected theoretically. The reason for the phenomenon may be that the water absorbs almost all the longer wavelength light, while the oil films reflect [38] . The thin crude oil film reflects most of the light through the short wavelength visible light to the nearinfrared light, while the water absorbs the light. Thus, most of the bands could be used to discriminate thin crude oil film from the water. The Δ spectrum of crude oil film on the compact ice shows that a significant difference exists from the water ( Figure 5(c) ), a finding that implies that crude oil could be distinguished from the water easily. The difference is mainly caused by the stronger absorption of light by the crude oil compared with the water. When diesel oil was on the surface of compact ice, it was not detectable by the bands shorter than 559 nm. However, when it was under the thin sea ice, it reflected much differently from the sea ice at all the wavelengths. Light reflected by the sea ice could penetrate the oil film when the diesel was put on the sea ice, and thus the received energy by the sensor included the reflected light from both sea ice and oil film. For light shorter than 559 nm, it was reflected by both the ice and oil film. On account of the thickness of the diesel, the reflected short wave light is mainly from the sea ice. For the longer wavelength, the oil film reflected the light, while the ice absorbed it, resulting in the greater difference between compact ice and oil film. The relatively much greater difference between compact ice and diesel under the ice is caused by the reflected effect at the iceoil-water interfaces [39] .
As shown in Figure 5 
Δ of crude oil in pack ice has a significant difference from that of the ice, while the diesel does not clearly differ from ice. If the crude oil covered 50% area of the sea ice, the value of Δ would be much greater than the pack ice, meaning that the oil in the pack ice could be distinguished easily through the visibleto-infrared bands. However, when the coverage increased to 90%, the bands shorter than 468 nm and in the range of 752-824 nm were not suitable to separate crude oil from pack ice. This result may have the same reason as the crude oil on the water. The Δ spectrum of diesel has a slight difference from the pack ice in the visible and shortwave infrared region, implying that it is difficult to identify diesel within the pack ice via these bands. Given that the diesel is on the water, the discrepancy between pack ice and diesel dramatically increased in the region greater than 1134 nm. This increase may be due to the reflection of long wave electromagnetic energy by the oil film, whereas the water almost fully absorbs it.
The sensitivity of each band to discriminate oil film from the uncontaminated background, water, compact ice, and pack ice is illustrated in Figure 6 . In general, the hyperspectral sensor is more sensitive to the crude oil than to diesel in various scenes. The visible and infrared bands, from 468 nm to 933 nm, are more suitable to identify the contaminant. In addition, when the background is pack ice, the infrared region from 1134 nm to 1326 nm is another potential useful zone. Through the visible-to-infrared bands, the sensitivity to the existence of diesel is inferior to the crude oil. Relatively, the bands greater than 1134 nm have the potential to separate diesel from the water or sea ice.
Conclusions
Optical remote sensing sensors are able to detect the wavelength-dependent reflectance of oil slicks within sea ice. Using two representative oils, we showed that both oil type and background are critical for the application of optical remote sensing to identify oil in ice-infested waters. Crude oil from Liaohe oilfield was theoretically detectable by the sensor under all conditions. Diesel used as fuel by the YUKUN vessel was found to be slightly different from the water and ice.
In this work, we investigated three oil spill conditions: oil on water surface, oil with compact ice, and oil with pack ice. Taking no account of the spatial scale effect, both the visible and the near-infrared bands are suitable to detect crude oils in all three scenarios. The longer infrared bands have more potential to discriminate diesel from water and ice relatively.
Note that the experiment was carried out in a windless environment with very thin sea ice, which may cause discrepancy from reality. The reflectance characteristics of oil in a thick ice-covered area should be studied in future research.
